We study the mechanism of polarization-selective transmission in double-layer gratings. For TM polarized light, the coupling between the surface plasmon waveguide modes of slits in the two metal layers causes most of the energy to pass the gratings. For TE polarized light, there is no surface plasmon coupling effect, and most of the energy in the photoresist waveguide is reflected back because of the cutoff of waveguide modes. In view of the characteristics of surface plasmon waveguide modes, a new polarizer with an undercut profile of the photoresist is proposed to achieve better performance by improving the coupling efficiency. At the pitch of 200 nm, the TM transmissions can be over 70% in the visible spectrum and over 80% in the wavelengths from 470 nm to 800 nm for a bottom width w 2 < 60 nm.
INTRODUCTION
In the display field, liquid crystal display (LCD) [1] has become a dominant technology widely used in television and computer screens. In LCDs, broadband polarizers for visible light play a crucial role to generate polarized light for intensity modulation through polarization control by liquid crystal. Conventional polarizers absorb light of one polarization while they let the other, orthogonal one pass, which wastes 50% of the light energy. In order to increase the transmission efficiency, many techniques were invented to save the halfabsorbed light, such as 3M's multilayer films [2] , and metallic nanowire polarizers [3, 4] . These polarizers are different from conventional ones in that they can recycle the otherwise absorbed orthogonal light. Recently, metallic nanowire polarizers have attracted much attention due to the advantages of high extinction ratio and one thin-layer structure. Among the methods of fabricating the metallic nanowire polarizers such as E-beam lithography [5] , laser-interference lithography [6] and nanoimprinting [7] , the latter two are suited for mass production. However, in laser-interference lithography and nanoimprinting fabrications of single-layer metallic polarizer, a lift-off technique is needed to remove the deposited metal on top of the photoresist. This process is very challenging to achieve at the submicron scale. Thus, a double-layer metallic polarizer, as shown in Fig. 1(a) , without the need of the liftoff process has been proposed [8, 9] . The previously reported works showed a maximum of 60% transmission efficiency and less than 100∶1 extinction ratio in both experiment and simulation at a pitch even less than 200 nm, which is far smaller than that of the single-layer case, thus imposing a challenge for mass production. Furthermore, few detailed studies of the physical mechanism of polarized transmission and optimization of the structures were provided. In this paper, we attempt to reveal the mechanism of the surface plasmon enhanced polarized transmission in the double-layer metallic nanowire polarizer using both accurate analytical solution [10, 11] and finite difference time domain (FDTD) simulations [12] . It is found that the near-field coupling between the surface plasmon waveguide modes of the top and bottom metallic grating layers leads to the high transmittance of TM light. Based on the coupling transmission mechanism, a new polarizer with an undercut photoresist profile, as shown in Fig. 2(b) , is proposed to improve the near-field coupling efficiency by localizing more light at the sidewalls. By optimizing the step Δh between the metal layers and the widths of the photoresist w 1 and w 2 , at a pitch of 200 nm, the transmittance of the TM polarization is improved to >80% and the extinction ratio is over 100∶1 in wide spectrum, indicating that the device is suitable for practical applications. The 200 nm pitch polarizer can be fabricated by laser-interference lithography. It is believed that when the pitch is reduced, the performance will be better. Figure 1 shows a bilayer nanowire polarizer with pitch P. In cases of normal photoresist, the profile is rectangular with equal bottom and top widths w 1 and w 2 , while for lift-off photoresist [13] , the profile is undercut with w 2 smaller than w 1 [ Fig. 1(b) ].
SIMULATION AND ANALYSIS
The mechanism of the single-layer metallic nanowire polarizers with air slits was previously studied [14] . It was found that the air slits on the metal film acted as single mode waveguides for the incident TM polarization when their width was small enough, so the incident TM light was transmitted, and the TE light was reflected back. The polarizer studied in this paper is different from the conventional single-layer one in that there are double layers. The slit of the top layer is air, which is the same as the single-layer case. According to the waveguide theory, because the refractive index of air is smaller than photoresist, the single mode width of the top layer is larger than that of the bottom layer. Thus, when the width of the bottom/top slits is close, for achieving TM transmission only, it is important to keep the width of the photoresist waveguides smaller than of the cutoff initially. The TM polarization (Hy, Ex, Ez) dispersion relation of the photoresist waveguide modes is expressed by
, and ϵ m are permittivity of the photoresist and aluminum, respectively, k 0 is the vacuum wave vector, and the sign AE represents the symmetric and asymmetric waveguide modes, respectively. The permittivity of the photoresist is set to 2.25. The wave vector and normalized frequency are in the units of K z C=ω p and ω=ω p , respectively. C is the light speed in vacuum, and ω p is the plasmon angle frequency of the aluminum [15] , which is 2:2758 × 10 16 . The TM dispersion relations of a 100 nm width photoresist waveguide are illustrated in Fig. 2(a) . The solid curve represents the dispersion of light in photoresist (dielectric line). The curves beneath the dielectric line are the surface plasmon mode dispersion relations of the zero and first order of photoresist waveguide modes. The curves consisting of open circles are the symmetric modes and the curves consisting of asterisks are antisymmetric. From Fig. 2(a) , one can see that when the normalized frequency is smaller than 0.21, i.e., the wavelength is larger than 394:4 nm, there is only one waveguide mode of the symmetric surface plasmon. The cutoff width of the TE light is the same as that of the first order of TM light; thus, when the width is less than 100 nm, the photoresist acts as a single mode waveguide only for the symmetric surface plasmon waveguide mode. In Fig. 2(b) , field profiles of a zeroorder waveguide mode at a frequency of 0.203 are illustrated. It is shown that most of the field is confined at the photoresistaluminum interface. The single mode width in the visible wavelength range is plotted in Fig. 3 . It is shown that in order to maintain the single mode condition, the waveguide width should be less than 107 nm . The above analysis is a semianalytical explanation of the role of photoresist width in realizing polarized transmission. In order to achieve optimized performance, the influence of the top metal layer on the transmission of light in the polarizer needs to be revealed. FDTD method is used for numerical simulations to obtain optimized parameters.
A. Nanowire Polarizer with Rectangular Photoresist In Fig. 4 , the transmittances of TM and TE light are shown for pitch p ¼ 200 nm, photoresist widths w 1 and w 2 ¼ 100 nm, height h ¼ 100 nm, and step Δh ¼ 30 nm. The refractive index of the substrate is set to 1.5. The incident chromatic plane-wave light is along the þz direction. The transmittance of TM light is larger than 60% in the entire visible spectrum. At a wavelength of about 600 nm, the transmittance reaches a maximum of about 90%. Figures 5 and 6 illustrate the corresponding field profiles and Z direction energy flux of TM and TE polarizations. For the TE polarization shown in Fig. 5 , almost all of the light is reflected back without entering the photoresist waveguide. This result agrees with the theoretical analysis in Fig. 2(a) that the TE modes are cut off at this width. For the TM polarization shown in Fig. 6 , the incident light first couples to the photoresist surface plasmon waveguide mode with highest field intensity near the photoresist-aluminum interface, then couples to the surface plasmon mode on the top aluminum layer with most of energy localized at the aluminum walls by near-field scattering through the spacing between the aluminum layers. Most of the field intensity of the transmitted light distributes around the sidewalls of the top aluminum layer.
For efficient coupling of the waveguide modes in the photoresist to the surface plasmon mode of the top metal layer, the metal steps Δh play an important role and should be optimized. In Fig. 7 , the transmittance of the polarizer with Δh ranging from 10 nm to 40 nm is provided for comparison. When the steps become larger, for the TE light, the transmittance increases in the entire spectrum due to the leakage of light to the top layer, and thereby the extinction ratio is reduced. In the case of 10 nm Δh of metal step, the extinction ratio is the highest, although the transmittance is the lowest among the four cases. Thus, in order to obtain high efficiency of the light recycling, there is a trade-off between transmittance and extinction ratio. Based on the simulation results, a polarizer with a step size Δh between 20 nm and 40 nm is appropriate for application in LCDs.
B. Nanowire Polarizer with Undercut Profile Photoresist
In order to increase the near-field coupling efficiency, it is important to couple additional incident light to the spacing between the metal layers. We find that the undercut structure of photoresist can facilitate this process. The structure can be obtained using lift-off photoresist having an undercut profile with appropriate development. Figure 8(a) shows the trans- mittance of the polarizer with width w 1 ¼ 100 nm , and w 2 ¼ 80 nm. By comparison with Fig. 7(a) , one can see that the TM transmissions of the four cases increase in general. For the TE polarization, the transmittance is almost unchanged. Thus the extinction ratio is improved. In order to explain the simulation results more clearly, the field profiles and energy flux of TM polarization with a metal step Δh of 20 nm are plotted in Fig. 9 . Compared with Fig. 6 , it is clearly shown that, when the photoresist has an undercut profile, the incident light is reflected by the undercut structure of the photoresist and couples to the surface plasmon waveguide mode with more energy confined around the photoresist-aluminum interface. Thus, near-field coupling through the spacing is increased and the transmittance of the TM polarization is improved. Figure 10 shows the transmittance of the polarizer with the bottom width w2 varied from 40 nm to 100 nm. The transmittance of the TM polarization is increased with the reduction of the bottom width of the photoresist. The transmissions can reach over 70% in the entire spectrum and over 80% in the wavelengths from 470 nm to 800 nm for a bottom width w 2 < 60 nm.
CONCLUSIONS
Double-layer metallic nanowire polarizers are an attractive choice for LCDs. To achieve sufficient TM light transmission and extinction ratio, we have studied the mechanism of polarization-selective transmission using analytical solutions and FDTD simulations. It is found that the near-field coupling of surface plasmon waveguide mode between the two metal layers leads to high transmittance. For TE light, the photoresist cannot support the waveguide mode and there is no surface plasmon coupling, so that most of the light is reflected back. Thus, both high TM transmission and extinction ratio can be achieved. We propose a new polarizer with undercut profile of photoresist, which helps to improve near-field coupling by confining more TM light near the interface between the photoresist and the bottom aluminum walls. We show that the transmission and the extinction ratio can be increased to more than 80% and 100∶1, respectively, for wavelengths ranging from 470 nm to 800 nm. Our results indicate that without a lift-off process, it is possible to fabricate high-performance metallic nanowire polarizer using low-cost mass production methods such as roll-to-roll nanoimprinting and laser-interference lithography. The mechanism reported in this paper will be useful in the design of new surface plasmon optical devices. 
